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Magnetic measurements at pressures above 10 GPa in a miniature ceramic anvil cell 
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A miniature ceramic anvil high pressure cell (mCAC) was earlier designed by us for magnetic 
measurements at pressures up to 7.6 GPa in a commercial superconducting quantum interference 
(SQUID) magnetometer [N. Tateiwa et al, Rev. Sci. Instrum. 82, 053906 (2011)]. Here, we 
describe methods to generate pressures above 10 GPa in the mCAC. The efficiency of the pressure 
generation is sharply improved when the Cu-Be gasket is sufficiently preindented. The maximum 
pressure for the 0.6 mm culet anvils is 12.6 GPa when the Cu-Be gasket is preindented from the 
initial thickness of 300 to 60 /im. The 0.5 mm culet anvils were also tested with a rhenium gasket. 
The maximum pressure attainable in the mCAC is about 13 GPa. The present cell was used to 
study YbCu2Si2 which shows a pressure induced transition from the non-magnetic to magnetic 
phases at 8 GPa. We confirm a ferromagnetic transition from the dc magnetization measurement at 
high pressure. The mCAC can detect the ferromagnetic ordered state whose spontaneous magnetic 
moment is smaller than 1 /j,b per unit cell. The high sensitivity for magnetic measurements in the 
mCAC may result from the the simplicity of cell structure. The present study shows the availability 
of the mCAC for precise magnetic measurements at pressures above 10 GPa. 
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I. INTRODUCTION 

The application of pressure to materials provides a 
powerful method of tuning various physical properties to 
search for new phase transitions in the strongly correlated 
electron systems. Interesting physical phenomena such 
as superconductivity have been found near the bound- 
ary to a magnetic phase [lj. Various experimental tech- 
niques have progressed for the measurement of physical 
quantities such as electrical resistivity, heat capacity and 
magnetization under high pressure [2j . Magnetization is 
a fundamental physical property characterizing the re- 
sponse of a material to applied magnetic field. Magnetic 
measurements under high pressure are essential for the 
study of pressure-induced physical phenomena. 

Several types of high pressure cells have been made 
for magnetic measurements at high pressure in a com- 
mercial superconducting quantum interference (SQUID) 
magnetometer where measurements can be done under 
automatic control of temperature and magnetic field 0- 
9]. The magnetometer can resolve magnetic moment 
changes as small as 10~ 8 emu. The pressure cells for 
the magnetometer can be divided into two categories, 
piston-cylinder and opposed anvil cells such as the dia- 
mond anvil cell (DAC). Most of the cells for the SQUID 
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magnetometer are of piston-cylinder type d, Hj]. Large 
sample volume is one of the key advantages of this cell. A 
precise magnetization measurement is possible. However, 
the pressure range is limited to at most 1.5 GPa since the 
inner bore diameter of the SQUID magnetometer is only 
9 mm. The DAC for the magnetometer can generate high 
pressures up to 15 GPa 0,0, HI- However, the volume 
of the sample space in the DAC is less than 0.01 mm 3 . 
It can be used for the ferromagnetic or superconducting 
compounds with large absolute magnetization. Special- 
ized techniques are necessary to use the DAC and the 
production cost is high (~ 10 4 $). An easier and more 
inexpensive method should be developed. Magnetization 
measurements at high pressure are possible up to 3.0 GPa 
using an indenter type cell Q. The large background 
magnetization from the Ni-Cr-Al gasket is a serious prob- 
lem. The gasket is pressed only by the cone part of the 
anvil and the mechanical support for the sample space 
is not enough. The sample space in the gasket deforms 
radially under compression above the tensile strength of 
the Ni-Cr-Al alloy (~ 2.3 GPa), which produces two fea- 
tures in the indenter cell. One is the decrease in the effi- 
ciency of pressure generation at higher pressures and the 
other is the development of uniaxial (deviatoric) stress 
in the sample space above the solidification pressure of 
the pressure-transmitting medium. The strength of the 
uniaxial stress correlates with the maximum shear stress 
of the pressure-transmitting medium. The latter feature 
causes difficulties that the pressure effects on the elec- 
tronic state differ depending on pressure-medium used in 
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(a) Ceramic anvil 




FIG. 1: (Color online) (a) Schematic illustration of the gas- 
ket and ceramic anvils in the mCAC, (b)Photograph of the 
Cu-Be gasket after the preindentation using a pair of the 
4>i = 0.6 mm anvils, and (c) schematic illustration. Sample 
(YbCu2Si2) and pressure manometer Pb (behind the sample) 
are loaded in the sample chamber whose diameter is 02 = 0.2 
mm. A scale in the microscope corresponds to 20 fxm. 



II. EXPERIMENTAL METHODS 

Wc have used the mCAC with the 0.6 and 0.5 mm culet 
anvils for the present study. In particular, the effect of 
the preindentation of the Cu-Bc gasket has been carefully 
studied. Figure 1 and Table 1 show the experimental con- 
figuration and conditions of the present study. We have 
tested three Cu-Be gaskets with initial thickness of 0.30 
mm. The Cu-Be gaskets were preindented to a thickness 
of 0.06 and 0.15 mm in Run 1 and 2, respectively. In 
Run 3, the gasket was not preindented. The rhenium 
(Re) gasket was also tested with the 0.5 mm culet anvils 
(Run 4). The rhenium gasket is used without preindenta- 
tion. In Run 1 to 4, a lead (Pb) pressure manometer was 
loaded in the sample chamber filled with the pressure- 
transmitting medium glycerin[l4j]. For the magnetiza- 
tion measurement on YbCu2Si2, the sample and Pb were 
loaded in the chamber. Figure 1 (b) shows a photograph 
of the Cu-Be gasket after the preindentation using a pair 
of the 0i = 0.6 mm anvils. A scale in the microscope 
corresponds to 20 /im. A sample (YbCu2Si2) and pres- 
sure manometer Pb (behind the sample) were loaded in 
the sample chamber whose diameter was <p2 = 0.2 mm. 

The magnetization measurement has been done using 
the SQUID magnetometer MPMS from Quantum Design 
(USA)[ll|. To obtain the magnetization of a sample, the 
SQUID response of the pressure cell is collected with and 
without the sample and the difference signal is fitted to 
a calculated form assuming a point dipole moment us- 
ing a specially written external program as described in 
the reference 12. The pressure values at low tempera- 
tures were determined by the pressure dependence of the 
superconducting transition temperature in lead fl6l - IT8| . 

III. RESULTS AND DISCUSSIONS 



each experiment [10 . Ill| . It is important to suppress the 
radial deformation for generating higher pressures with 
good quality. The deformation can be avoided when the 
gasket is pressed by the surface of the anvils in the op- 
posed anvil cell. 

Recently, we have proposed a miniature opposed- 
anvil high-pressure cell for use with the SQUID 
magnetometer [l2l [l3| . The anvils are made of inexpen- 
sive composite ceramic (FCY20A, Fuji Die Co.). This 
cell is abbreviated here as mCAC. The simplified mCAC 
without anvil alignment mechanism is easy-to-use for re- 
searchers who are not familiar with high-pressure tech- 
nology. The production cost is about one tenth of that of 
the DAC. The background magnetization in the mCAC is 
far smaller than that in the indenter cell. The cell can be 
used for antiferromagnetic compounds with smaller mag- 
netization. The maximum pressure was 7.6 GPa when 
the 0.6 mm culet anvils were used. In this study, we 
have developed methods to generate pressures above 10 
GPa in the mCAC. 



A. Generation of high pressure above 10 GPa 

Figure 2 shows the temperature dependence of the 
magnetization of Pb at 6.9, 9.1, 11.6, and 12.6 GPa in 
magnetic field of 10 Oc with the 0.6 culet anvils (Run 1). 
The data at 9.1, 11.6, and 12.6 GPa are shifted along the 
vertical axis for clarity. At low temperatures, a large drop 
of the magnetization associated with the Meissner ef- 
fect of the superconducting transition was observed. The 
value of T sc was determined from the peak temperature 
in the temperature derivative of magnetization dM/dT 
shown as arrows in the figure. The magnetization be- 
comes negligibly small above T sc . The superconducting 
transition temperature T sc of Pb is 7.19 K at ambient 
pressure. The value of T sc is 4.9 K for an applied load 
of 220 kgf. This indicates that the pressure inside the 
sample chamber is 6.9 GPa. For the applied load of 333 
kgf , the superconducting transition temperature is 3.73 
K which corresponds to 12.6 GPa. 

Figure 3 shows the relation between the applied load at 
room temperature and the pressure value at low temper- 
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TABLE I: Experimental conditions. <f>i : culet size of the anvil, fc: diameter of the sample space, zq: initial thickness of the 
gasket, Z\\ thickness of the gasket after preindentation, and P max '■ maximum pressure. 



Run 


gasket 


4>i (mm) 


<f>2 (mm) 


z (mm) 


Zi (mm) 


Pmax (GPa) 


1 


Cu-Be 


0.60 


0.30 


0.30 


0.06 


12.6 ± 0.5 


2 


Cu-Be 


0.60 


0.30 


0.30 


0.15 


7.6 ± 0.4 


3 


Cu-Be 


0.60 


0.30 


0.30 


0.30 


5.0 ± 0.3 


4 


Rhenium 


0.50 


0.20 


0.05 


without preindentation 


11.5 ± 0.3 
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FIG. 2: (Color online) Temperature dependence of the mag- 
netization of Pb at 6.9, 9.1, 11.6, and 12.6 GPa in magnetic 
field of 10 Oe with the 0.6 culet anvils (Run 1). The data at 
9.1, 11.6, and 12.6 GPa are shifted along the vertical axis for 
clarity. 



ature for the Run 1, 2, 3, and 4. The maximum pressure 
Pmax depends on the thickness z\ after the preinden- 
tation when the Cu-Be gaskets were used. The pressure 
value shows saturation with increasing applied load when 
the gasket is not preindented (Run 3). The value of P max 
is at most 5.0 GPa. The maximum pressure is sensitive 
to the thickness of the Cu-Be gasket z\ after the prein- 
dentation as shown in Figure 4. It seems that the gasket 
should be preindented to less than 0.1 mm from the initial 
thickness of 0.30 mm in order to generate high pressures 
above 10 GPa. 

We have tested the 0.5 mm culet anvils with the prein- 
dented Cu-Be gasket. The sample chamber deforms non- 
symmetrically and the gasket was broken at higher pres- 
sure. The deformation may be due to misregistrations 
between center positions in the two anvils and the Cu-Be 
gasket. There is no anvil-alignment mechanism in the 
mCAC as mentioned before. Next, we tested the rhe- 
nium gasket with the 0.5 mm culet anvils. The tensile 
strength of rhenium is about two times larger than that 
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FIG. 3: (Color online) Relations between the applied load at 
room temperature and the pressure values at low tempera- 
tures for Run 1, 2, 3, and 4. 



of the Cu-Be alloy. Therefore, we expected the gener- 
ation of the higher pressure. The relation between the 
applied load and the pressure was shown in Fig. 3 (Run 
4). The pressure value increases from 9.5 GPa at 213 
kgf to 11.7 GPa at 267 kgf. On further increasing the 
load, the anvils were broken at 293 kgf. This load cor- 
responds to 12.9 GPa if the relation between the load 
and the pressure value in Run 4 is extrapolated linearly. 
The present study suggests that the maximum pressure 
attainable with the mCAC without the anvil alignment 
mechanism is about 13 GPa. The anvil alignment mech- 
anism is required for the small culet anvils to generate 
higher pressure. Future study is necessary for the max- 
imum pressure generated by anvils made of the present 
composite ceramic (FCY20A). 

We note the influence of the superconducting transi- 
tion on the rhenium gasket to the magnetic measure- 
ments. The contribution from the superconducting tran- 
sition in the rhenium gasket to the magnetic data is dom- 
inant since the volume of the gasket is far larger than 
those of the pressure manometer Pb and the sample. The 
rhenium gasket is not appropriate for magnetic measure- 
ments at low magnetic fields and low temperatures. The 



4 



15 



Oh 

o 



§ 10 h 

■Si 

XA 
<D 
Sh 

s 
a 

- i—i 

X 

a 



-\ 1 1 1 1 1 1 1 1 1 1 1 1 r 

Cu-Be gasket 



_i i i i I i i i i I i i i i_ 





0.0 0.1 0.2 0.3 

Thickness Zj(mm) 



FIG. 4: (Color online) Relation between the thickness of the 
Cu-Be gasket after the preindentation z\ and the maximum 
pressure. 



superconducting transition temperatures at 9.5 and 11.7 
GPa under magnetic field of 10 Oe are 3.5 and 4.0 K, re- 
spectively. The superconducting transition temperature 
in rhenium metal was reported to be 1.699 K at ambient 
pressure (l9j. The pressure dependence of the transition 
temperature is reported only up to 1.8 GPa. The present 
result suggests that the transition temperature increases 
with increasing pressure. However, it is not clear whether 
the present pressure change of the transition tempera- 
ture reflects the effect of the hydrostatic pressure since 
the rhenium gasket is directly pressured by anvils. It 
was reported that the electronic state of rhenium metal 
is sensitive to the uniaxial strain [20l|. 

The present study shows the importance of the prein- 
dentation of the Cu-Be gasket when the <f)\ = 0.6 culet 
anvils are used. On the other hand, it is not better to 
preindent the Cu-Be gasket in the ceramic anvil cell when 
the 4>i = 1.2 to 1.8 mm culet anvils are used. Figure 5 
(a) and (b) show the schematic illustration of the rela- 
tions between the applied load and the pressure value 
for (a) the (pi = 0.5-0.8 mm anvils and (b) the 1.2-1.8 
mm anvils. Lines A and B represent the relations for 
the gaskets with and without the preindentation, respec- 
tively. Firstly, we discuss the case for (a). The pressure 
value for the gasket without the preindentation starts to 
increase above a threshold value L\ of the applied load 
and saturate in the lower load (Line B). For the gasket 
with the preindentation, The threshold value Li of the 
load is a few times larger than L\ and the higher pressure 
can be generated (Line A). The threshold values L\ and 
Li are far smaller than the maximum load limit L max 
for the present ceramic anvil estimated as 1100 kgf. The 
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FIG. 5: (Color online)Schematic illustration of the relations 
between the applied load and the pressure value for (a) the 
0.5-0.8 mm anvils and (b) the 1.2-1.8 mm anvils. Lines A 
and B indicate the relations for the Cu-Be gaskets with and 
without preindentation, respectively. L\ and Li are threshold 
values of the applied load where the pressure value starts to 
increase. L max is the maximum load limit for the present 
ceramic anvil estimated as 1100 kgf. 



preindentation for the CuBe gasket is important. The 
relations shown in Fig. 5 (a) are experimentally demon- 
strated in Fig. 3. Meanwhile, the value of Li for the 
1.2-1.8 mm culet anvils becomes close to L max as shown 
in Fig. 5 (b). The higher pressures cannot be generated 
below L max with the preindented gasket. The applied 
load larger than L max is required to achieve higher pres- 
sure than that using the gasket without the preindentaion 
(Dotted line A in Fig. 5 (b)). It is better to use the Cu- 
Be gasket without the preindentation. For the rhenium 
gasket, we did not preindent it in this study since the 
rhenium metal is harder than the Cu-Be alloy and the 
pressure value does not show saturation in the pressure 
region up to 12 GPa. 



B. Measurement on YbCu2Si2 

We illustrate the performance of the present meth- 
ods described in this paper with a study YbCu2Si2. 
YbCti2Si2 crystallizes into the tetragonal ThCr 2 Si2-type 
structure. This is a paramagnetic compound with a mod- 
erately high value of the linear specific heat coefficient 
7~ 135 mJK~ 2 mol~ 1 [2l|. Previous high pressure stud- 
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FIG. 6: (Color online) Temperature dependence of the mag- 
netization under magnetic field of 1 kOe at 5.5 and 10.5 GPa. 
The magnetic field H was applied parallel to the magnetic 
easy axis (the [001] direction ). The inset shows the magne- 
tization curves measured at 2 K for the two pressures. 



ies suggested a pressure-induced magnetic phase above 
8 GPa|22|-|24|. The ac-magnetic susceptibility \ ac and 
calorimetry C ac under magnetic held suggested a ferro- 
magnetic transition pol]. It is necessary then to detect 
the ferromagnetic component from the dc magnetic mea- 
surement under high pressure. We have measured the 
magnetization in YbCu2Si2 under high pressure with the 
mCAC using the 0.6 mm cult anvils. The Cu-Be gasket 
was preindented to z\ = 0.08 mm from the initial thick- 
ness of zq = 0.30 mm. A high quality single crystal sam- 
ple was used in this measurement and the detail of the 
sample preparation is given in the reference 21. The size 
of the single crystal sample was 0.11 x 0.09 x 0.03 mm 3 . 
The sample and the Pb pressure manometer were placed 
in the sample space hlled with the pressure-transmitting 
medium glycerin as shown in Fig. 1 (b). The magnetic 
held H was applied parallel to the magnetic easy axis 
(the [001] direction) of the tetragonal crystal structure. 

Figure 6 shows the temperature dependence of the 
magnetization under magnetic held of 1 kOe at 5.5 and 
10.5 GPa. The magnetization at 5.5 GPa shows a 
monotonous temperature dependence. Meanwhile, the 
magnetization at 10.5 GPa increases strongly with de- 
creasing temperature below 5 K, suggesting a ferromag- 
netic ordering. The inset of Fig. 6 shows the magne- 
tization curves for the two pressures measured at 2 K. 
The magnetization increases monotonously with increas- 
ing magnetic held at 10.5 GPa. The magnetization at 
10.5 GPa shows a typical ferromagnetic behavior. It is 



concluded from these results that the pressure-induced 
magnetic transition in YbCu2Si2 is ferromagnetic. The 
ferromagnetic transition temperature Tq at 1 kOe was 
estimated as 4.3 K ± 0.2 K from the peak position in the 
temperature dependence of the derivative of the magneti- 
zation dM/dT. The transition temperature determined 
from the magnetization at 100 Oe (data not shown) was 
4.4 ± 0.3 K. These values are roughly consistent with the 
previous studies d^-HH- 

The previous study showed an electronic phase separa- 
tion of the ferroma gnet ic and paramagnetic states above 
8 GPa in YbCuoSiopi]. The Mossbauer spectra were fit- 
ted by a superposition of a magnetic and nonmagnetic 
component and the value of the magnetic moment was 
estimated as 1.25 /is/Yb from the magnetic subspectrum 
at 8.9 GPa. The observed spontaneous magnetic moment 
should be smaller than the value in the macroscopic mag- 
netic measurement. Indeed, the spontaneous magnetic 
moment was estimated as 0.36 ± 0.05 //B/Yb at 2 K and 
10.5 GPa in this experiment. 

Finally, we compare the performance of the mCAC 
with that of the DAC. The previous studies have re- 
ported the observation of ferromagnetic transitions in 
several materials with the DAC [5 8]. The values of the 
spontaneous magnetic moments in the materials are gen- 
erally larger than 1 /j,b per unit cell. Meanwhile, the 
present study shows that the mCAC can detect the fer- 
romagnetic ordered state around 10 GPa whose sponta- 
neous magnetic moment is signiheantly less than 1.0 fiB 
per unit cell. This high sensitivity for magnetic measure- 
ments may result from the the simplicity of cell structure. 
In general, the pressure cells with complicated structure 
often generate larger artificial inductive voltage in the 
pick-up coils, leading to a lower signal to noise ratio. 



IV. CONCLUSION 

In summary, we have developed methods to generate 
pressures above 10 GPa in a miniature ceramic anvil 
high pressure cell (mCAC). The efficiency of the pres- 
sure generation is sharply improved when the Cu-Be gas- 
ket is sufficiently preindented. The maximum pressure 
for the 0.6 mm culet anvils is 12.6 GPa. The 0.5 mm 
culet anvils were also tested with a rhenium gasket. The 
maximum pressure attainable in the mCAC is approxi- 
mately 13 GPa. We have applied the present methods 
to the study of the pressure-induced magnetic phase in 
YbCu2Si2- The ferromagnetic ordering state is confirmed 
by the dc magnetic measurements at high pressure. The 
mCAC can detect the ferromagnetic ordered state whose 
spontaneous magnetic moment is signiheantly less than 
1.0 per unit cell. The present study shows the avail- 
ability of the mCAC for magnetic measurements at pres- 
sures across 10 GPa in the study of the strongly corre- 
lated electron system. 
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